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Abstract.  Polymer microspheres loaded with bioactive particles, biomolecules, proteins, 
and/or growth factors play important roles in tissue engineering, drug delivery, and cell 
therapy. The conventional double emulsion method and a new method of electrospraying into 
liquid nitrogen were used to prepare bovine serum albumin (BAS)-loaded 
poly(lactic-co-glycolic acid) (PLGA) porous microspheres. The particle size, the surface 
morphology and the internal porous structure of the microspheres were observed using 
scanning electron microscopy (SEM). The loading efficiency, the encapsulation efficiency, 
and the release profile of the BSA-loaded PLGA microspheres were measured and studied. It 
was shown that the microspheres from double emulsion had smaller particle sizes (3-50 m), 
a less porous structure, a poor loading efficiency (5.2 %), and a poor encapsulation efficiency 
(43.5%). However, the microspheres from the electrospraying into liquid nitrogen had larger 
particle sizes (400-600 m), a highly porous structure, a high loading efficiency (12.2%), and 
a high encapsulation efficiency (93.8%). Thus the combination of electrospraying with 
freezing in liquid nitrogen and subsequent freeze drying represented a suitable way to 
produce polymer microspheres for effective loading and sustained release of proteins. 
 
 
 
 
 
 
Introduction 
Spherical microspheres (also called beads, microparticles, granules, or microcapsules) are a 
particulate form of solid biomaterials, which are commonly biopolymers, bioceramics and 
biocomposites, for example, PLGA (poly(lactic-co-glycolic acid)), TCP (tricalcium 
phosphate), PLGA-HA (hydroxyapatite) composites. Microspheres are required to be 
biodegradable in order to aid with tissue regeneration, and for the delivery of a therapeutic 
agent which is encapsulated in microspheres. The microstructures of microspheres control 
their properties, including; chemical (e.g. biodegradation), mechanical (e.g. compression 
modulus), and biological (e.g. protein absorption, cell attachment). Microspheres have 
surface morphologies and internal structures, which include density or porosity, pore size, 
pore interconnectivity, phase composition, grain size, chemical composition, etc. Due to the 
spherical shape, microspheres show good flowability that ensures convenience in handling or 
packing. Therefore, microspheres have found applications in tissue defect filling, cell 
microcarriers, drug delivery, injectable scaffolds, and 3D scaffolds. 
Dense polymer microspheres can be produced by a single emulsion method, which 
involves the dispersion of an organic polymer solution (O) in an aqueous solution (W2), 
followed by evaporation/ extraction of the solvent to form hard polymer microspheres. For 
example, a solution of PLGA (85:15) was added into a PVA aqueous solution to form dense 
PLGA microspheres [1]. This method is not suitable for loading water soluble drugs (such as 
proteins) and the smooth/ dense surfaces of the microspheres also affect cell attachment. In 
contrast, porous polymer microspheres are advantageous for drug delivery and for cell 
delivery. Porous microspheres can be produced by several methods. The commonly used 
method is the double emulsion [2,3], which involves the formation of a primary water-in-oil 
emulsion (W1/O), which is then dispersed into a secondary aqueous solution (W2) to form a 
(W1/O/W2) emulsion (Fig. 1). After the evaporation/extraction of the solvents, porous 
microspheres are formed and the internal pores can be loaded with a protein initially added in 
the W1 solution. Here the W1 phase acts also as a porogen. In other double emulsion-like 
methods, use is made of other porogens, namely, organic non-solvents (e.g. paraffin oil [4] 
and hexane [5]) to replace W1 solution, and water soluble/ decomposable salts (e.g. 
NH4HCO3 [6] and sodium oleate [7]) dissolved in W1. However, these porogens exclude the 
possibility to load a protein during the fabrication process of the microspheres.  
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Figure 1. Schematic illustration of the double emulsion method.  
 
Other non-double emulsion methods have also been developed for porous microspheres. 
One example is the dripping of a polymer solution into liquid nitrogen to form porous 
polymer microspheres. The porosity results from the phase separation of the frozen solvent 
and the polymer and the evaporation of the solvent by freeze drying [8]. Addition of an 
aqueous solution (with or without a protein) into the polymer solution leads to increased 
porosity and/or the loading of a protein. One problem of the dripping method is the large size 
(up to 2 mm) of the microspheres. Finally, porous polymer microspheres can be made by a 
thermal compression method, which allows the surrounding salt particles to penetrate molten 
polymer beads [9]. Obviously a protein cannot be loaded into the microspheres during the 
process due to the high temperatures involved.    
Electrospraying (also called electrostatic extrusion, or electrostatic atomisation, etc.) 
[10,11] has been used to prepare small microspheres whose particle size can be easily 
controlled to be below 1000 m but commonly greater than 5 m. In a simple case of 
electrospraying, a polymer solution or an emulsion (W1/O) is extruded through a needle to 
form droplets whose size is decreased by an electrostatic field from an applied voltage. 
However, the liquid used for collecting the droplets has been flammable methanol cooled by 
dry ice or ice-water. While a protein can be loaded into the W1 phase, the electrospraying 
technique has been rarely explored by previous researchers to produce protein-loaded 
microspheres, although growth factor (protein)-loaded nanofibers were prepared by a similar 
technique of electrospinning before [12, 13]. As a derivative of the simple electropraying 
technique, a co-axial electrohydrodynamic microbubbling method [14] was used to produce 
hollow microspheres, where an air flow and a hydrophobic polymer solution flow were 
extruded to form bubbled droplets that were collected in a vessel of distilled water. However, 
the resulting hollow microspheres did not contain any protein and the hollow microspheres 
 
 
were too small in size (~ 5 m) and with a wide size distribution. As a further development, a 
tri-needle coaxial electrohydrodynamic device has been used to produce multilayered 
polymeric microspheres loaded with a model protein—bovine serum albumin (BSA), which 
was wrapped by a starch layer and a polyurethane polymer layer [15]. However, the protein 
might not be fully covered by the polymer layers, thus there was a possibility of the loss of 
the protein into the collecting medium (ice water and methanol). In addition, the formed 
microspheres were too small (< 1 m) to be assembled directly into a 3D scaffold.    
Protein-loaded and unloaded microspheres can be assembled into rigid 3D porous 
scaffolds for cell seeding / implantation in vivo. Thus how to join the microspheres to achieve 
a porous structure with good mechanical properties and without damaging the protein is an 
important issue. There have been some joining methods developed, although each has its 
unique features. For example, microspheres can be sintered as a high temperature (compared 
to the body temperature of 37 oC) [1,16]. However, the high temperature may be  
harmful to the bioactivity of the encapsulated protein. Another method which has been used 
involves utilization of the vapor of the solvent dichloromethane to fuse protein-loaded PLGA 
microspheres to form scaffolds for cell seeding and culture [3]. Another study involved 
bonding PLGA microspheres to form scaffolds using a solvent/non-solvent mixed solution 
such as acetone/ethanol, or dioxane/hexane, which could wet and glue the microspheres [17]. 
A final method consists of mixing a solid solvent powder with the microspheres at a low 
temperature, followed by melting at a higher temperature and wetting the surfaces of the 
microspheres [4]. In the above methods the amount of the solvent was kept minimal to 
maintain the 3D scaffold structures and protect the proteins loaded in the microspheres. 
Therefore, the research objective for this paper was to produce porous and sufficiently 
large (e.g. 200–1000 m) biodegradable PLGA microspheres, carrying BSA. The 
microspheres should encapsulate BSA using a safe and efficient method which displays a 
high protein loading, a high encapsulation efficiency, and a high bioactivity of the protein. In 
this study, a new combined technique was designed to fabricate porous polymer microspheres 
with a protein; the droplets of an emulsion (W1/O) formed under the electrostatic force were 
introduced into liquid nitrogen, followed by sublimation (lyophilization) to remove the 
instantly frozen solvent(s). The new combined technique would have the advantages of 
electrospraying (e.g. good control in particle size) and the advantages of phase separation 
induced by liquid nitrogen (e.g. a high porosity and a high encapsulation efficiency). As a 
comparison, the conventional double emulsion method was also used in this study. The 
comparison was done in terms of particle size, surface morphology, internal porous structure, 
and efficiency of loading a model protein – bovine serum albumin (BSA). The successful 
loading of the BSA into the PLGA microspheres suggests that the combined technique of 
electrospraying into liquid nitrogen would be effective for loading more important proteins 
such as growth factors into PLGA microspheres for bone and/or cartilage tissue engineering. 
 
 
 
 
Experimental Method 
Preparation of BSA-Loaded PLGA Microspheres 
Double Emulsion. Poly (DL-lactide-co-glycolide) (PLGA) (75:25, IV 0.55-0.75 dL/g in 
CHCl3, LACTEL Absorbable Polymers, USA) was used as the starting material. 
Dichloromethane (CH2Cl2, Sigma-Aldrich) was used as a solvent for the PLGA. Albumin 
bovine serum (BSA) (Fraction V, 99%, Sigma-Aldrich) was used as a model protein to study 
the release profile of the BSA loaded in the PLGA microspheres. A double emulsion 
technique was employed to produce the BSA-loaded PLGA microspheres. Briefly, in a batch, 
500 mg of PLGA was first dissolved in 8 ml of dichloromethane in a glass vial. Then, 40 mg 
of BSA was dissolved in 1.5 ml of distilled water and injected into the PLGA polymer 
solution and emulsified on a vortexer (Vortex Genie 2, Scientific Industries, Bohemia, NY) 
for 40 seconds. The primary emulsion (W1/O) was then dripped into 100 ml of 1% PVA 
(polyvinyl alcohol) aqueous solution and mixed for 2 mins. at a high speed of 9500 rpm using 
a turbine homogeniser (Ultraturrax® T-18, IKE-WERKE, Staufen, Germany), resulting in a 
secondary emulsion (W1/O/W2). The secondary emulsion was further added to 100 ml of 2% 
isopropanol aqueous solution and magnetically stirred at 300 rpm for 4 hrs. Finally the 
supernatant as a result of centrifugation at 1000 rpm for 1 min. was decanted and distilled 
water was added to the remaining microspheres for washing off the organic residuals. After 
three times of repeated washing, the collected microspheres were freeze dried in a freeze 
drier (model EF03, Edwards, West Sussex, UK).  
Electrospraying into Liquid N2. Dimethyl carbonate (DMC) (freezing point -1 ºC, >99.9% 
purity; Sigma-Aldrich) was used as the solvent for PLGA, due to its high freezing point 
favorable for phase separation. In the study and in a batch, 400 mg of PLGA was dissolved in 
4 ml of DMC (1:10 w/v) for 12 hrs in a glass vial. Then 400 μl of 14% w/v BSA solution 
(140 mg of BSA in 1 ml of distilled water) was introduced into the PLGA polymer solution 
and was homogenized for 3 mins. at 9500 rpm using a turbine homogeniser (Ultraturrax® 
T-18), resulting in an emulsion (W1/O). The formed emulsion was manually introduced into a 
syringe fitted with a 23G needle (inner diameter 320 μm). The filled syringe was then 
attached onto a digital syringe pump as a part of the electrospraying machine (Fig. 2), 
operating at a flow rate of 5 ml/hour. Droplets of the W1/O emulsion were formed and fell 
into an earthed metal vessel containing liquid nitrogen. Based on previous trials, two 
conditions were used for comparison; one was without the application of an electric voltage 
(0 kV) and another was the application of 5 kV to allow an electrostatic force to pull the 
droplets, leading to a reduced size of microspheres. The distance between the needle tip 
(nozzle) and the liquid nitrogen surface was kept at ~ 100 mm, which was chosen to prevent 
freezing of the droplets on the needle tip. Each detached droplet of the emulsion was rapidly 
frozen by the liquid nitrogen and the phenomenon of phase separation occurred in the 
microspheres. The frozen microspheres in the same metal container were then immediately 
transferred to the freeze dryer mentioned above and subsequently freeze-dried for 72 hours to 
 
 
yield PLGA microspheres loaded with the BSA.  
 
Figure 2.  Schematic diagram of electrospraying into liquid nitrogen. The needle (with a 
nozzle) was connected to a high voltage (+kV) and the metal vessel was connected to ground. 
Packing of Microspheres into Scaffolds. After freeze drying, the microspheres were 
immersed in an ethanol solution in a Falcon tube for 10 mins and assembled or packed by 
centrifugation at 1000 rpm for 1 min. The used ethanol solution was decanted and the 
microspheres were vacuum dried over night, leading to a scaffold of joined microspheres, 
which was also assumed to be sterile for subsequent cell culture study. 
 
 
 
Characterization of BSA-Loaded PLGA Microspheres 
 
Morphological Observation by Scanning Electron Microscopy (SEM). All kinds of 
microspheres were examined by SEM to reveal the particle sizes, the surface morphologies, 
and the cross-sections, which were made by cutting frozen (brittle) microspheres using a 
blade. Microspheres were then mounted onto aluminum stubs via double-sided adhesive 
carbon tape or using a silver paste and coated with a film of an gold/palladium alloy in an 
argon atmosphere (Polaron E5000, Polaron, UK) and viewed under SEM (JEOL JSM 
550LV). 
 
Determination of Loading Efficiency and Encapsulation Efficiency. The content of the 
BSA protein in the PLGA microspheres was analyzed by an extraction method. Briefly, 
approximately 10 mg of microspheres were dissolved in 1 ml of dichloromethane, followed 
by adding 1 ml of PBS at pH 7.4 and shaking at 30 rpm for 24 hrs in an orbital shaker 
maintained at 37 ◦C. The protein concentration in the aqueous phase was then determined by 
a BCA (bicinchonic acid) protein assay kit (#23225). Each sample type was measured in 
triplicate on a microplate spectro photometer (Benchmark Plus) at the 560 nm wave length. 
Then the loading efficiency and the encapsulation efficiency of the BSA were calculated 
using the following equations: 
 
Loading efficiency(%) = Wt of extracted protein/Wt of microspheres ×100%  (1)                
    
Encapsulation efficiency (%) = Total wt of protein actually encapsulated in microspheres / 
Total wt of protein used in the initial batching × 100%               (2) 
Protein Release from PLGA Microspheres. BSA-loaded microspheres obtained from both 
double emulsion and electrospraying into liquid nitrogen were immersed in PBS at 37 oC at a 
10 mg/ml and kept in a rotating shaker for a period of 50 days. During that time period, 
various time points were assigned, at which point the PBS containing the released BSA was 
entirely taken out after centrifugation for the detection of BSA, followed by replacement with 
fresh PBS and re-dispersion of the microspheres. The BSA in the release solution was 
quantified using the BCA assay mentioned above. 
Cell Attachment Evaluation by SEM and Laser Confocal Microscopy. In order to study 
the biocompatibility of the microspheres made by the electrospraying in liquid nitrogen, the 
scaffolds of the microspheres were wetted with a minimal essential medium and seeded with 
bone marrow stromal cells (BMSCs) maintained in our laboratory. The cell seeding was done 
by adding 100 l of a BMSC suspension (1x106 cells/ ml) onto a scaffold. After three days of 
cell culture in the Dulbecco’s Modified Eagle’s Medium (DMEM) in a 5% CO2 incubator, the 
cells were fixed with 4% fresh paraformaldehyde, washed, dehydrated, supercritically dried, 
 
 
and coated with a gold film for SEM observation. The cells on a second scaffold were fixed 
in paraformaldehyde and labelled with fluorescent agents such as propidium iodide (P4170, 
Sigma-Aldrich) and Alexa Fluor 488 (A-12379, Molecular Probes, Eugene, OR, USA). The 
fluorescently labelled cells on microspheres were examined using a Leica TCS 4D confocal 
laser scanning microscope (Leica Laser- technik GmbH, Heidelberg, Germany) with a Leitz 
DMIRB inverted microscope (Leica), and with simultaneously scanning green (FITC; 488 
nm) and red (TRITC; 568 nm) channels. 
Scaffold Structure Observed by Micro-CT. A micro-CT system (μCT 40, Scanco Medical, 
Bassersdorf, Switzerland) was used to non-destructively image the 3D porous structure of the 
microsphere-derived scaffolds. The scaffolds were scanned at 20 μm voxel resolution with an 
integration time of 120 ms. A threshold to distinguish polymer material from pore space and 
background noise was chosen and kept consistent throughout all evaluations. In order to 
enhance the imaging contrast, a bioactive glass (58S) powder at 5 wt% (relative to the dry 
PLGA weight) was added into the PLGA polymer solution during the preparation of the 
microspheres. 
Results and Discussion 
Comparison of the Morphologies of the BSA-Loaded PLGA Microspheres  
 
Double Emulsion. Double emulsion involved the initial formation of a primary water-in-oil 
(W1/O) emulsion, which was then discharged into large droplets, which were then broken 
apart and dispersed in a secondary solution (W2) to form small spherical droplets. The PVA 
in W2 was a stabilizer that enabled the formation of the spherical droplets, which were 
initially soft and liquid-like. The speed of mixing of the secondary emulsion had significant 
effect on the size of the small droplets. However, the impeller for the mixing caused uneven 
shear rates in the secondary emulsion in a beaker, leading to a wide droplet size distribution. 
In order to harden the droplets to form final microspheres, the organic solvent 
(dichloromethane) in the droplets must be extracted, which was done by isopropanol [7]. 
Meanwhile, the protein-BSA solution added into the polymer solution tended to diffuse into 
or exchange with the PVA solution and/ or the solution of isopropanol due to the break-down 
of the primary emulsion into small droplets, which may also coalesce and break apart again. 
Thus there was a very real possibility that the added BSA would escape from the droplets and 
thus decrease the encapsulation efficiency of the final microspheres. The hardened polymer 
microspheres now tended to be contaminated with PVA, isopropnaol, solvent, etc. After 
washing with water and drying under a vacuum, PLGA microspheres containing pores and 
the BSA were obtained. The above process details explains why double emulsion led to small 
particle sizes at a high mixing speed (9500 rpm), a wide particle size distribution, some round 
pores on and in the microspheres (Fig. 3), and a low loading efficiency of the BSA within the 
microspheres (Table 1).    
 
 
 
 
             
 
 
 
 
 
 
 
Figure 3.  SEM micrographs showing the PLGA microspheres of different sizes (a) and 
with micropores on the surfaces (b). 
Dropping Emulsion into Liquid N2 Without an Electric Field. Simply dropping the 
polymer solution emulsified with the BSA solution into the liquid nitrogen (i.e. without 
applying an electric voltage) led to large PLGA microspheres loaded with BSA, typically 
around 1 mm (Fig. 4a). This is because the solution flowed through the nozzle and 
accumulated at the nozzle tip to form a suspended droplet, which must grow and become 
heavy enough to overcome the surface tension of the nozzle to form a detached droplet. The 
formed microspheres showed numerous micropores on the surface (Fig. 4b). 
   
 Figure 4.  SEM micrographs showing the large microspheres prepared at 0 kV 
(A) and the associated porous surface (B). 
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The interior of the microspheres also had both micropores and macropores with the latter 
could be seen even at a low magnification (Fig. 5). As will be discussed later, the 
microporous structure was related to the phenomenon of phase separation of the polymer 
solution at the low temperature of liquid nitrogen. Such a phenomenon has been used to 
produce porous polymers as scaffolds for tissue engineering [18]. It should be mentioned that 
the phase separation phenomenon was recently used to produce porous polymer microspheres 
and composite microspheres by Blaker et al. [8], who manually (without using a syringe 
pump) dropped the polymer solution from a syringe into liquid nitrogen to rapidly induce the 
phase separation. Thus the simple emulsion dropping method and the double emulsion 
method were not our innovations, but they were used in our study for comparison. The 
disadvantages of the above two methods were overcome by our modified method i.e. 
combining electrospraying method with the method of phase separation in liquid nitrogen, as 
will be seen below.    
 
Figure 5. SEM micrograph of a sectioned microsphere revealing the interior pores.  
Electrospraying (with an Electric Field) and Dropping into Liquid N2. Before production of 
the required microspheres, the effect of the applied voltage on the microsphere size was 
examined and it was generally known that the increase of the voltage led to a decrease of the 
microsphere size. When the voltage was higher than 8 kV (for example), the droplets were 
too small to be seen with naked eyes. Thus for this paper, an electric voltage of 5 kV (or near 
the value) was selected. It was noticed that the microspheres produced by electrospraying and 
dropping into liquid N2 under 5 kV had a relatively narrow particle size distribution (Fig. 6), 
and the particle sizes were typically in the range of 400-600 m. While the particle size could 
be changed by adjusting the electric voltage involved in electrospraying, the size obtained 
under 5 kV was regarded as useful for our purpose, as the 400-600 m sized microspheres 
could be packed to form 3D scaffolds with a high pore interconnectivity (or well 
interconnected pores) and suitable pore sizes, which can be theoretically estimated. Assuming 
the microspheres are packed to form a simple cubic structure, then the ratio of the pore radius 
(r) to the microsphere radius (R) will be given by equation (1): 
1 mm 
 
 
2 - 1 (= r/R)                 (1) 
The pore sizes between the microspheres should be around 160-250 m, which is suitable 
for tissue engineering. In practice, the pore sizes could be less than 160-250 m due to 
deformation of the contacting areas caused by either mechanical pressure or mild surface 
dissolution by a solvent for the joining of the microspheres. Fig. 6 shows that the 
microspheres were mostly deformed when a light pressure was used to press the 
microspheres onto the carbon tape before coating with a gold film for SEM observation. 
Some microspheres had large voids (Fig. 6) on the surfaces and inside the microspheres (not 
shown) and the voids might be caused by air bubbles trapped during the mixing of the 
polymer solution with the BSA solution or due to the coalescence of the BSA solution 
micro-droplets of the primary emulsion (W1/O).  
 
        
 
 
 
 
 
 
 
Figure 6. SEM micrographs showing the surface morphologies of the BSA-loaded 
PLGA microspheres: (A) microspheres slightly pressed on a carbon tape, 
(B) microspheres partially embedded in silver paste.   
In addition, highly ordered interconnected micropores (1-5 m) (Fig. 7a) were seen on the 
top surface of the microspheres, and interconnected dentrite-like micropores (Fig. 7b) were 
observed inside the microspheres. Such porous microspheres could be desirable as they could 
increase the total porosity of the scaffolds formed by packing the microspheres, i.e. in 
addition to the porosity resulting from the large pores between the microspheres. Such a 
porous structure was obviously caused by the thermally induced phase separation (i.e. 
freeze-drying process). As the DMC solvent in the PLGA polymer solution has a freezing 
temperature of -1 ºC, once the polymer droplets were electrosprayed into the liquid nitrogen, 
the polymer solution was separated into a polymer-rich phase and a polymer-poor phase. 
Thus, the PLGA polymer phase was expelled by the crystals of the solvent. The crystals 
served as a template for pore formation and were removed by sublimation in freeze drying, 
leading to porous microspheres. In other words, the internal pores of the microspheres were 
basically a three-dimensional fingerprint of the geometry of the solvent crystals (Fig. 7b). It 
2 mm 2 mm 
(a) (b) 
 
 
should be mentioned that the BSA solution added into the PLGA solution would also 
contribute to the formation of the porous structure of the microspheres, but may not be the 
main factor in this case due to the small amount added.  
           
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  SEM micrographs showing (a) the micropores on the surface of a microsphere 
and (b) the dentrite-like micropores in the interior of a microsphere. 
Different sizes of microspheres are easily obtained through altering some parameters such 
as polymer concentration, electrostatic force (or electric voltage), flow rate, nozzle diameter. 
Under 5 kV, the resulting electrostatic force could overcome the surface tension of the 
viscous polymer solution so that a smaller droplet could be detached and drop into the liquid 
N2. Thus, electrospraying led to reduced microsphere size compared with simply dropping 
into liquid nitrogen. For double emulsion, accurate control of microsphere size is difficult to 
realize, as double emulsion does not control the size of the droplets of the primary emulsion 
and the high speed mixing in the secondary emulsion also contributes to the wide particle size 
distribution. However, under a low speed of magnetic stirring rather than the turbine 
homogenizer, larger microspheres with a narrower size distribution are possible for the 
double emulsion according to our other experience. Obviously using electrospraying 
technique can better control the homogeneity of microspheres of a relatively large size. 
However, under a high electric voltage and when the microspheres are relatively small (e.g. 
<100 m), the homogeneity of the microspheres becomes undesirable even for the 
electrospraying technique. Another thing to be mentioned is the degree of dispersion of the 
microspheres. In the study, double emulsion was accompanied with the aggregation of 
microspheres due to the uneven and small sizes and the slow extraction of the solvent. 
However, the electrospraying into liquid N2 method did not result in aggregated microspheres. 
This is because the light-weight polymer droplets with positive electrical charges were 
sprayed dropwise and were either tightly attached to the inner-wall of the metal vessel 
containing the liquid nitrogen, or were individually floated on the boiling liquid nitrogen in 
the metal vessel. 
50 m 20 m
(a) (b) 
 
 
Comparison of Loading and Encapsulation Efficiencies of the BSA-Loaded PLGA 
Microspheres  
Table 1 shows the loading efficiency and the encapsulation efficiency for microspheres 
prepared under different conditions. The porous structure and the microsphere size are also 
listed for comparison. It is obvious that the encapsulation efficiency of the double 
emulsion-derived microspheres was poor (25%). This was caused by the water-soluble BSA 
dissolved in the interior water phase that diffused into external water phase during the 
fabrication process. For double emulsion, proteins tend to diffuse out from the oil phase into 
the continuous water phase of the secondary emulsion. This explains the low loading 
efficiency, which means only a small amount of the protein was trapped or dispersed in the 
microspheres. However, for the microspheres formed by electrospraying into liquid nitrogen, 
the loading efficiency and the encapsulation efficiency were about 2 times higher (Table 1). 
Protein encapsulation via electrospraying into liquid nitrogen was rapid with the protein 
being exposed to (non-frozen) solvent for only a few minutes. The frozen solvents in the 
microspheres and the liquid nitrogen medium prevented the protein from diffusing out of the 
microspheres. However, the distribution of the BSA protein in the microspheres made by the 
electrospraying method was not clear yet, although we attempted to use tetramethyl 
rhodamine isothocyanate (TRITC)-labeled IgG antibody to simulate the distribution of BSA 
by taking florescence microscopic images (results not shown here).  
Table1. Comparison of size, loading efficiency, and encapsulation efficiency of BSA in 
microspheres from different conditions 
Method of 
preparation 
Size (m) Porous 
structure 
Loading 
efficiency (%) 
Encapsulation 
efficiency (%) 
Double emulsion  3 - 50 Less porous 5.2 43.5 
Dropping into liquid 
nitrogen 
~1000 
at 0 kV 
Porous 13.4 95.7 
Electrospraying into 
liquid nitrogen 
400-600 
at 5 kV 
Porous 12.2 93.8 
Comparison of Release Profiles of BSA Encapsulated in Microspheres  
In the present study, all the PBS containing the released BSA was refreshed with new PBS at 
each time point. Thus the environment for the release could maintain a stable pH level, and 
the effect of acidity on the BSA release and on the bioactivity of the BSA could be avoided. 
However, the amount of the released BSA determined at each time point was regarded as an 
increment or an additional amount released within the said time interval, rather than an 
accumulated amount over the past time period of release. This way of PBS exchange was in 
contrast to the common practice of drug release studies, where only a small amount of PBS 
containing the released BSA is exchanged with the fresh PBS at each time point. The 
disadvantage of the common practice is the accumulated acidic products due to the 
 
 
biodegradation of the PLGA polymer. However, the common practice may more realistically 
mock the in vivo environment, where the body fluid circulates gradually through an 
implanted scaffold of microspheres.  
Fig. 8 shows that there was a burst release for both types of microspheres and the 
microspheres by double emulsion resulted in faster release than the microspheres by 
electrospraying. In other words, the microspheres by electrospraying showed slow and 
sustained release. The difference of the release profiles can be related to the porosity and the 
surface morphology of the microspheres. The burst release was due to the open porosity of 
the microspheres that enhanced the diffusion of the BSA from the microspheres into the PBS. 
The microspheres by the electrospraying had a small surface area/ volume ratio, which would 
decrease the diffusion and with time passing, bulk biodegradation of the PLGA resulted in the 
shrinkage of the porous channels, which again slowed down the diffusion of the BSA from 
the microspheres. On the other hand, the microspheres by the double emulsion had a large 
surface area/volume ratio, resulting in a short diffusion distance and the small microspheres 
tended to break down into much smaller pieces of debris after biodegradation, resulting in 
fast and short BSA release profile. Thus the advantage of the microspheres by the 
electrospraying for protein encapsulation and release was demonstrated.   
 
 
Figure 8. Release profiles of BSA released from PLGA microspheres made by the double 
emulsion and electrospraying into LN2.  
 
 
 
Cytocompatibiity of the Microspheres 
The results of the SEM and confocal microscopy are shown in Fig. 9. The limited number of 
BMSCs was due to the short cell culture time (3 days). However, all the cells were attached 
on the surfaces of the microspheres (Fig. 9a) and four cells were observed on a single 
microsphere (Fig. 9b), indicating the cytocombatibility of the microspheres made by the 
electrospraying technique. In the future, microspheres loaded growth factors such as BMP-2 
or TGF-3 will be studied to investigate their effects on the BMSCs’ proliferation and 
differentiation in the scaffolds of the micropsheres.  
 
 
 
 
 
 
 
 
 
Figure 9. SEM micrograph (a) and laser confocal micrograph (b) showing the attachment of 
the BMSCs onto the microsphere surfaces. 
MicroCT observation 
Fig. 10 shows the microCT images. While similar images can be seen by SEM, microCT 
technique does not need to physically cut a scaffold to reveal the internal porous structure. 
The shape and the size of the microspheres were clearly seen in Fig. 10. The shape and the 
size of the voids (pores) were also seen in the cross-sectional image. The pore size seemed 
larger than 100 m, which is good for tissue ingrowth and the pores were obviously well 
interconnected. However, the porosity seemed rather low as the microprosity inside the 
microspheres was not revealed. To increase the total porosity, macropores rather than 
micropores may need to be introduced into the micropsheres and the mechanical properties of 
the resulting microspheres should also be evaluated in the future.   
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Figure 10. 3D microCT images of an overall view (a) and a cross-sectional view 
(b) for a scaffold assembled from PLGA matrix microspheres. 
Future Studies 
The microspheres of a light-weight, a high open porosity, and a proper level of stiffness can 
be used for tissue engineering, in addition to the use as a drug delivery system. For cartilage 
tissue engineering, a high mechanical strength, a light weight, and a sufficient amount of pore 
space for nutrition supply are needed. The microspheres can be bonded under a low 
temperature/ mild solvent condition to meet the scaffold requirements for cartilage tissue 
engineering. In the meantime, microspheres are suitable to making loose (not a 3D structure) 
scaffolds that can conform to any bone defect cavities when the microspheres are delivered 
either in a loose state or using a suitable flowable matrix or medium.  And for bone tissue 
regeneration, bioactive ceramic nanoparticles such as bioglass, hydroxyapatite, and/or 
tricalcium phosphate can be loaded into the PLGA microspheres. For osteochondral tissue 
engineering, which involves the simultaneous growth of cartilage and subchondral bone, one 
can use PLGA microspheres and bioactive nanoparticle-loaded PLGA microspheres. The 
present successful loading of the BSA as a model protein indicates the possibility of loading 
the microspheres with growth factors, which can be used to guide the differentiation of stem 
cells for tissue regeneration. However, the loading and the release of the growth factors of the 
microspheres should be investigated in the follow-up study. On the one hand, the porosity in 
the large PLGA microspheres would lead to fast biodegradation and fast release of the growth 
1 mm 1 mm 
(a) (b) 
 
 
factors, which can be a shortcoming. To avoid the initial burst release and to achieve 
sustained release, the growth factor-loaded microspheres can be further encapsulated with a 
hydrogel barrier coating such as calcium alginate [7], matrigel, fibrin, etc.  
Conclusions 
The current study presented a new combined technique of electrospraying into liquid nitrogen 
for producing relatively large and highly porous biodegradable PLGA microspheres loaded 
with BSA as a model protein. The microsphere size could be effectively controlled by altering 
the electric voltage, given other processing parameters were kept constant. The fast freezing 
of the droplets in liquid nitrogen and the fast removal of the frozen solvent by sublimation 
enabled the effective loading of the BSA in the microspheres. The typical microsphere sizes 
were 400 to 600 m, suitable for making scaffolds. The encapsulation efficiency was 
~93.8 %, which would be significant for saving the expensive growth factors. In comparison, 
double emulsion while widely used before by the international researchers had significant 
shortcomings such as a wide size distribution and low encapsulation efficiency. The porous 
BSA-loaded PLGA microspheres led to sustained release of the protein, desirable cell 
attachment, and increased total porosity of a scaffold made by packing the microspheres. 
However, the existing initial burst release of the loaded protein may need to be mitigated by 
application of an additional top hydrogel coating as a diffusion barrier. 
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